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(54) Supereiastic guiding member 

(57) A method of forming a supereiastic elongated 
member having a straight memory comprising: provid- 
ing an elongated member formed o1 an alloy consisting 
of 40 to 49% titanium and the balance nickel and up to 
about 10% of an element selected from the group con- 
sisting of iron, cobalt, chromium and vanadium; and 
cold working the elongated member to effect a size 
reduction of 30 to 70%, the method characterized by 



subjecting the cold worked elongated member to ther- 
momechanical memory imparting treatment to develop 
a straight memory comprising: mechanically straighten- 
ing the cold worked elongated member and then heat 
treating the straightened elongated member at a tem- 
perature between SOO"" and 400''. 
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Description 

This invention relates to the field of medical 
devices, and more particularly to guiding means such 
as guidewires for advancing catheters within body 
lumens in procedures such as percutaneous translumi- 
nal coronary angioplasty (PTCA). 

In typical PTCA procedures a guiding catheter hav- 
ing a preformed distal tip is percutaneously introduced 
into the cardiovascular system of a patient in a conven- 
tional Seldinger technique and advanced therein until 
the distal tip of the guiding catheter is seated in the 
ostium of a desired coronary artery. A guidewire is posi- 
tioned within an inner lumen of a dilatation catheter and 
then both are advanced through the guiding catheter to 
the distal end thereof. The guidewire is first advanced 
out of the distal end of the guiding catheter into the 
patient's coronary vasculature until the distal erKf of the 
guidewire crosses a lesion to be dilated, then the dilata- 
tion catheter having an inflatable balloon on the distal 
portion thereof is advanced into the patient's coronary 
anatomy over the previously introduced guidewire until 
the balloon of the dilatation catheter is properly posi- 
tioned across the lesion. Once in position across the 
lesion, the balloon is inflated to a predetermined size 
with radiopaque liquid at relatively high pressures (e.g. 
greater than 4 atmospheres) to compress the arterio- 
sclerotic plaque of the lesion against the inside of the 
artery wall and to otherwise expand the inner lumen of 
the artery The balloon is then deflated so that blood 
flow is resumed through the dilated artery and the dila- 
tation catheter can be removed therefrom. 

Conventional guidewires for angioplasty and other 
vascular procedures usually comprise an elongated 
core member with one or more tapered sections near 
the distal end thereof and a flexible body such as a hel- 
ical coil disposed about the distal portion of the core 
member. A shap^le member, which may be the distal 
extremity of the core memt)er or a separate shaping rib- 
bon which is secured to the distal extremity of the core 
member extends through the flexible body and is 
secured to a rounded plug at the distal end of the flexi- 
ble body. Torquing means are provided on the proximal 
end of the core member to rotate, and thereby steer, the 
guidewire while it is being advanced through a patient'S 
vascular system. 

Further details of dilatation catheters, guidewires. 
and devices associated therewith for angioplasty proce- 
dures can be found in U.S. Patent 4,323,071 
(Simpsons-Robert): U.S. Patent 4,439.185 (Lundquist); 
U.S. Patent 4.516,972 (Samson): U.S. Patent 4,538.622 
(Samson etaL): U.S. Patent 4,554.929 (Samson ef a/.); 
U.S. Patent 4.616,652 (Simpson); and U.S. Patent 
4.638.805 (Powell) which are hereby incorporated 
herein in their entirety by reference thereto. 

Steerable dilatation catheters with fixed, built-in 
guiding members, such as described in U.S. Patent 
4.582.181 (now Re 33.166) are frequently used 



because they have lower deflated profiles than conven- 
tional-over-the-wire dilatation catheters and a lower pro- 
file allows the catheter to cross tighter lesions and to be 
advanced much deeper into a patient's coronary anat- 
5 omy. 

A major requirement for guidewires and other guid- 
ing members, whether they be solid wire or tubular 
members, is that they have sufficient columnar strength 
to be pushed through a patient's vascular system or 

10 other body lumen without kinking. However, they niust 
also be flexible enough to avoid damaging the t^lood 
vessel or other body lumen through which they are 
advanced. Efforts have been made to improve both the 
strength and flexibility of guidewires to make them more 

75 suitable for their intended uses, but these two properties 
are for the most part diametrically opposed to one 
another in that an increase in one usually involves a 
decrease in the other. 

The prior art makes reference to the use of alloys 

20 such as Nitinol (Ni-Ti alloy) which have shape memory 
and/or superelastic characteristics In medical devices 
which are designed to be inserted into a patient's body. 
The shape memory characteristics allow the devices to 
be deformed to facilitate their insertion into a body 

25 lumen or cavity and then be heated within the body so 
that the device returns to its original shape. Superelastic 
characteristics on the other hand generally allow the 
metal to be deformed and restrained in the deformed 
condition to facilitate the insertion of the medical device 

30 containing the metal into a patient's body, with such 
deformation causing the phase transformation. Once 
within the body lumen the restraint on the superelastic 
member can be removed, thereby reducing the stress 
therein so that the superelastic member can return to its 

35 original undeformed shape by the transformation back 
to the original phase. 

Alloys having shape memory/superelastic charac- 
teristics generally have at least two phases. These 
phases are a martensite phase, which has a relatively 

40 low tensile strength and which Is stable at relatively low 
temperatures, and an austenite phase, which has a rel- 
atively high tensile strength and which is stakMe at tem- 
peratures higher than the martensite phase. 

Shape memory characteristics are imparted to the 

45 alloy by heating the metal at a temperature above which 
the transformation from the martensite phase to the 
austenite phase is complete, Le. a temperature above 
which the austenite phase is stable. The shape of the 
metal during this heat treatment is the shape "remem- 

50 bered". The heat treated metal is cooled to a tempera- 
ture at which the martensite phase is stable, causing the 
austenite phase to transform to the martensite phase. 
The metal in the martensite phase is then plastically 
deformed, e.^. to facilitate the entry thereof into a 

55 patient's body. Subsequent heating of the deformed 
martensite phase to a temperature above the marten- 
site to austenite transformation temperature causes the 
deformed martensite phase to transform to the austen- 
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ite phase and during this phase transformation the 
metal reverts back to its original shape. 

The prior methods of using the shape memory 
characteristics of these alloys in medical devices 
intended to be placed within a patient's body presented 
operational difficulties. For example, with shape mem- 
ory alloys having a stable martensite temperature below 
body tenperature, it was frequently difficult to maintain 
the terhperature of the medical device containing such 
an alloy sufficiently below body temperature to prevent 
the transformation of the martensite phase to the 
austenite phase when the device was being inserted 
into a patient's body. With intravascular devices formed 
of shape memory alloys having martensite-to-austenite 
transformation temperatures well above body tempera- 
ture, the devices could be introduced into a patient's 
body with little or no problem, but they had to be heated 
to the martensite-to-austenite transformation tempera- 
ture which was frequently high enough to cause tissue 
damage and very high levels of pain. 

When stress is applied to a specimen of a metal 
such as rsfltinol exhibiting superetastic characteristics at 
a temperature above which the austenite Is stable (i.e. 
the temperature at which the transformation of marten- 
site phase to the austenite phase is complete), the 
specimen deforms elastically until it reaches a particular 
stress level where the alloy then undergoes a stress- 
induced phase transformation from the austenite phase 
to the martensite phase. As the phase transformation 
proceeds, the alloy undergoes significant increases in 
strain but with little or no corresponding increases in 
stress. The strain increases while the stress remains 
essentially constant until the transformation of the 
austenite phase to the martensite phase is complete. 
Thereafter, further increase in stress are necessary to 
cause further deformation. The martensitic metal first 
yields elastically upon the application of additional 
stress and then plastically with permanent residual 
deformation. 

If the load on the specimen Is removed before any 
permanent deformation has occurred, the martensitic 
specimen will elastically recover and transform back to 
the austenite phase. The reduction in stress first causes 
a decrease in strain. As stress reduction reaches the 
level at which the martensite phase transforms back into 
the austenite phase, the stress level in the specimen will 
remain essentially constant (but substantially less than 
the constant stress level at which the austenite trans- 
forms to the martensite) until the transformation back to 
the austenite phase is complete, i.e. there is significant 
recovery in strain with only negligible corresponding 
stress reduction. After the transformation tDack to 
austenite is complete, further stress reduction results in 
elastic strain reduction. This ability to incur significant 
strain at relatively constant stress upon the application 
of a load and to recover from the deformation upon the 
removal of the load is commonly referred to as supere- 
lastidty or pseudoelasticity. 



> 

The prior art makes reference to the use of metal 
alloys having superelastic characteristics in m^ical 
devices which are intended to be inserted or othenA/ise 
used within a patient's body See for example. U.S. Pat- 
5 ent 4,665.905 (Jervis) and U.S. Patent 4.925.445 
(Sakamoto et aL). 

The Sakamoto et al. patent discloses the use of a 
nickel-titanium siqserelastic alloy in an intravascular 
guldewire which could be processed to develop rela- 
10 tively high yield strength levels. However, at the rela- 
tively high yield stress levels which cause the austenite- 
to-martenslte phase transformation characteristic of the 
material, it did not have a very extensive stress-induced 
strain range In which tiie austenite transforms to mar- 
ts tensite at relative constant stress. As a result, frequentiy 
as the guidewire was being advanced through a 
patient's tortuous vascular system, it would be stressed 
beyond the superelastic region, i.e. develop a perma- 
nent set or even kink which can result in tissue damage. 
20 This permanent deformation would generally require 
the removal of the guidewire and the replacement 
thereof with another. 

Products of the Jervis patent on the other hand had 
extensive strain ranges, i.e. 2 to 8% strain, but the reia- 
25 tively constant stress level at which the austenite trans- 
formed to martensite was very low, e.g. 50 ksi. 

What has been needed and heretofore unavailable 
is an elongated body for intravascular devices, such as 
guide wires or guiding members, which have at least a 
30 solid or tubular portion thereof exhibiting superelastic 
characteristics including an extended strain region over 
a very high, relatively constant high stress level which 
effects the austenite transformation to martensite. The 
present invention satisfies this need. 

35 

SUMMARY OF THE INVENTION 

Disclosed herein is an intravascular guidewire com- 
prising an elongated member having a proximal portion 

40 and a distal portion and being formed at least in part of 
a superetastic alloy having an austenite phase which is 
stat>le at a temperature below body temperature, which 
transforms to a martensite phase at a stress above 
about 70 ksi and which exhibits a strain of at least about 

45 4% from the stress applied to induce the austenite to 
martensite phase transformation; a flexible body dis- 
posed about the distal portion; and means on the proxi- 
mal end of tiie elongated member to torque this 
member and transmit such torque to the distal end of 

so the guidewire. 

The present invention is directed to an improved 
superelastic body which is suitable for intravascular 
devices, such as guidewires or guiding members, 
wherein superelastic characteristics result from the 

55 stress-induced transformation of austenite to marten- 
site. 

The superelastic body of the invention exhibits a 
stress-induced phase transformation at body tempera- 
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ture (about 37*» C) at a stress level above about 70 ksi, 
preferably above 90 ksi. The complete stress-induced 
transformation of the austenite phase to the martensrte 
phase causes a strain in the specimen of at least about 
4%. preferably over 5%. The region of phase transfor- 
mation resulting from stress preferably begins when the 
specimen has been strained about 2 to 3% at the onset 
of the phase change from austenite to martensite and 
extends to about 7 to about 9% strain at the completion 
of the phase change. The stress and strain referred to 
herein is measured by tensile testing. The stress-strain 
relationship determined by applying a bending moment 
to a cantiievered specimen is slightly different from the 
relationship determined by tensile testing because the 
stresses which occur in the specimen during bending 
are not as uniform as they are In tensile testing. There is 
considerably less change in stress during the phase 
transformation than either befoi-e or after the stress- 
induced transformation. In some instances the stress 
level is almost constant. 

The elongated portion of the guiding member hav- 
ing superelastic properties is preferably formed from an 
alloy consisting essentially of about 40 to 49% titanium 
and the balance nickel and up to 10% of one or more 
additional alloying elements. Such other alloying ele- 
ments may be selected from the group consisting of up 
to 3 % each of iron, cobalt and chromium and up to 
about 10% copper and vanadium. As used herein all 
references to percent conposition are atomic percent 
unless othennrise noted. 

To form the elongated superelastic portion of the 
guiding member, elongated solid rod or tubular stock of 
the preferred alloy material is first cold worked, prefera- 
bly by drawing, to effect a size reduction of about 30% to 
about 70% in the transverse cross section thereof. The 
cold worked material may then be given a memory 
imparting heat treatment at a terrperature of about 350° 
to about 600" C for about 0.5 to about 60 minutes, while 
maintaining a longitudinal stress on the elongated por- 
tion equal to about 5% to about 50%, preferably about 
10% to about 30%, of the yield stress of the material (as 
measured at room temperature). This thermomechani- 
cal processing imparts a straight "memory" to the 
superelastic portion and provides a relatively uniform 
residual stress in the material. Another method involves 
mechanically straightening the wire after the cold work 
and then heat treating the wire at temperatures between 
about 300 degrees and 450 degrees C. preferably 
ab>out 330 degrees to about 400 degrees c.The latter 
treatment substantially higher tensile properties. The 
cold worked and heat treated alloy material has an 
austenite finish transformation temperature less than 
body temperature and generally about -10° to about 30*" 
C, For nrtore consistent final properties, it is preferred to 
fully anneal the solid rod or tubular stock prior to cold 
work so that the material will always have the same met- 
allurgical structure at the start of the cold working and 
so that it will have adequate ductility for subsequent cold 



working. It will be appreciated by those skilled in the art 
that means of cold working the metal other than draw- 
ing, such as rolling or swaging, can t^e employed. For 
example, superelastic wire material of tiie invention will 

5 have a constant stress level usugUly above 90 ksi. 
whereas, superelastic tubing material will have a con- 
stant stress level of above 70 ksi. The ultimate tensile 
strength of both forms of the material is well atx>ve 200 
ksi with an ultimate elongation at failure of about 1 5%. 

10 The elongated body of the Invention exhibits a 
stress-induced austenite-to-martensite phase transfor- 
mation over a broad region of strain at a very high, rela- 
tively constant stress levels. As a result a guiding 
member formed of this material is very flexible, it can be 

15 advanced through very tortuous passageways such as 
a patient's coronary vasculature with little risk that the 
superelastic portion of the guiding member will develop 
a permanent set and at the same time it will effectively 
transmit the torque applied thereto without causing the 

20 guiding member to whip. 

These and other advantages of the invention will 
become more apparent from the following detailed 
description thereof when taken in conjunction with the 
following exemplary drawings. 

25 

PRIEF PESCRIPTION QF THg PPAWINGS 

FIG. 1 illustrates a guidewire which embodies fea- 
tures of the invention. 
30 FIG. 2 illustrates another emt)odlment of a 
guidewire of the invention. 

FIG. 3 is a partial side elevational view, partially in 
section, of a guiding member embodying features of the 
invention which is incorporated Into a fixed-wire dilata- 
35 tion catheter adapted for balloon angioplasty proce- 
dures. 

FIG. 4 is a schematic, graphical illustration of the 
stress-strain relationship of superelastic material. 

40 p^TAI|,ED p^SCRIPTION QF TH^ INVENTION 

FIG. 1 illustrates a guidewire 10 embodying fea- 
tures of the invention that is adapted to be inserted into 
a body lumen such as an artery. The guidewire 10 com- 

45 prises an elongated body or core member 1 1 having an 
elongated proximal portion 12 and a distal portion 13. at 
least part of which, preferably the distal portion, is 
formed of superelastic material of the invention. The 
distal portion 1 3 has a plurality of sections 14,15 and 1 6 

so having sequentially smaller diameters with tapered sec- 
tions 17, 18 and 19 connecting the smaller diameter 
sections with adjacent sections. The elongated proximal 
portion 12 is provided with a female distal end 20 which 
receives the male end 21 of the distal portion 13. The 

55 ends 20 and 21 may be press fit together or may be 
secured together by means such as a suitable adhesive 
or by welding, brasing or soldering. 

A helical coll 22 is disposed about the distal portion 
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13 and has a rounded plug 23 on the distal end thereof. 
A shaping ribbon 24 is secured by the proximal eruJ 
thereof to the distal portion 13 by suitable means such 
as brazing at location 25 and by the distal end thereof to 
the rounded plug 23 which is usually formed by welding 
the distal end of the coil 22 to the distal tip of the shap- 
ing ribbon. The coll 22 is also secured to the distal por- 
tion 13 of the elongated body 11 at location 25 and at 
location 26 to the tapered section 17. Preferably, the 
most distal section 27 of the helical coil 22 Is made of 
radiopaque metal such as platinum or alloys thereof to 
facilitate the observation of the distal portion of the 
guidewire while it is disposed within a patient's body. 

The exposed portion of the elongated body 11 
should be provided with a coating 28 of lubricous mate- 
rial such as polytetrafluoroethylene (sold under the 
trademark Teflon by du Pont) or other suitable lubricous 
coatings such as the polysiloxane coatings disclosed in 
United States application Serial No. 559.373, filed July 
24, 1990 which is hereby incorporated by reference. 

Fig. 2 illustrates another embodiment of a 
guidewire which incorporates features of the invention. 
This embodiment is very similar to the embodiment 
shown in Fig. 1 except that the entire elongated body 1 1 
Is formed of material having superelastic characteristics 
and the distal portion 1 3 of the core member 1 1 extends 
all the way to the plug 23 and is preferably flattened at 
its most distal extremity 29 as ribbon 24 in the embodi- 
ment shown in Fig. 1 . All of the parts of the guidewire 
shown in Rg. 2 which correspond to the parts shown in 
Fig. 1 are numbered the same as in Fig. 1. 

Fig. 3 illustrates a fixed wire, steerable dilatation 
catheter 40 which has incorporated therein a guiding 
member 41 in accordance with the invention. In this 
embodiment, the catheter 40 includes an elongated 
tubular member 42 having an inner lumen 43 extending 
therein and an inflatable, relatively inelastic dilatation 
balloon 44 on the distal extremity of the tubular member. 
Guiding member 41 which includes an elongated body 
45. a helical coil 46 disposed aSbovX and secured to the 
distal end of the elongated body 45 and a shaping rib- 
bon 50 extending from the distal end of the elongated 
body to rounded plug 51 at the distal end of the coil 46. 
The proximal portion 52 of the elongated body 45 is dis- 
posed within the Inner lumen 43 of the tubular member 
42 and the distal portion 53 of the elongated body 45 
extends through the interior of the dilatation balloon 44 
and out the distal end thereof. The distal end of the bal- 
loon 44 is twisted and sealed about the distal portion 53 
of the elongated body 45 extending therethrough in a 
manner which is described in more detail in United 
States application Serial No. 521 .103. filed May 9. 1990. 
which is hereby incorporated herein by reference. The 
helical coil 46 is secured to tiie distal portion 53 of the 
elongated body 45 by suitable means such as brazing at 
Icx^ation 54 which is the same location at which the 
shaping ribbon 50 is secured to the elongated body 
Preferably, the distal portion 53 of the elongated body 



45 is free to rotate within the twisted seal of the distal 
end of the balloon 44 and means are provided to seal 
the distal portion 53 therein to allow air to be vented 
therethrough but not inflation fluid such as shown in 

5 U.S. Patent 4.793.350 (Mar et al.). The proximal end of 
the catheter 40 is provided with a multiple arm adapter 
. 55 which has one arm 56 for directing Inflation fluid 
through the inner lumen 43 and the interior of the bal- 
loon 44, The proximal end of the elongated body 45 

10 extends through arm 57 and is secured to the torquing 
handle 58 which rotates the guiding member within the 
catheter 40 as the catheter is advanced through a 
patient's vascular system. The tubular member 42 may 
be formed of suitable plastic material such as polyethyl- 

75 ene or polyimide or metals such as stainless steel or 
Nitinol. All or at least the distal portion of the tubular 
member 42 may be formed of the superelastic NiTi type 
alloy material of the invention. 

The elongated body 11 of the guidewire 10 and 

20 elongated body 45 of the fixed-wire catheter 40 are gen- 
erally about 150 to about 200 cm (typically about 175 
cm) in length witii an outer diameter of about 0.01 to 
0.018 inch for coronary use. Larger diameter guidewire 
and guiding members may be employed in peripheral 

25 arteries. The lengths of the smaller diameter sections 
14, 15 and 16 can range from about 5 to about 30 cm. 
The tapered sections 17, 18 and 19 generally are about 
3 cm in length, but these too can have various lengths 
depending upon the stiffness or flexibility desired in the 

30 final product. The helical coils 22 and 46 are about 20 to 
at>out 40 cm in length, have an outer diameter atx^ut the 
same size as the diameter of the elongated bodies 11 
and 45. and are made from wire about 0.002 to 0.003 
inch in diameter. The last or most distal 1.5 to atx>ut 4 

35 cm of the coil is expanded and preferably made of plati- 
num or other radiopaque material to facilitate the fluoro- 
scopic observation thereof when the guidewire or fixed 
wire catheter is inserted into a patient. The remaining 
portion of the coils 22 and 45 may be stainless steel. 

40 The transverse cross-section of the elongated bodies 
11 and 45 is generally circular. However, the shaping 
ribbons 24 and 50 and the flattened distal section 29 
have rectangular transverse cross-sections which usu- 
ally have dimensions of'about 0.001 by 0.003 inch. 

45 The superelastic guiding member of the invention, 
whether it is the entire elongated body 11 or 45 or just a 
portion thereof, is preferably made of an alloy material 
consisting essentially of about 40 to about 49 % titanium 
and the balance nickel and up to 10% of one or more 

so other alloying elements. The other alloying elements 
may be selected from the group consisting of iron, 
cobalt, vanadium and copper The alloy can contain up 
to about 10% copper and vanadium and up to 3% of the 
other alloying elements. The addition of nickel above the 

55 equiatomic amounts with titanium and the other identi- 
* fied alloying elements increase the stress levels at 
which the stress-induced austenite-to-martensite trans- 
formation occurs and ensure that tiie temperature at 
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which the martensite phase transforms to the austenite 
phase is well below human body temperature so that 
austenite is the only stable phase at body temperature. 
The excess nickel and additional alloying elements also 
help to provide an expanded strain range at very high 
stresses when the stress induced transformation of the 
austenite phase to the martensite phase occurs. 

A presently preferred method for making the final 
configuration of the superelastic portion of the guiding 
member is to cold work, preferably by drawing, a rod or 
tiiDular member having a composition according to the 
relative proportions described above and then heat 
treating the cold worked product white it Is under stress 
to impart a shape memory thereto. Typical initial trans- 
verse dimensions of the rod or the tubular member are 
about 0.045 inch and about 0.25 inch respectively. If the 
final product is to be tubular, a small diameter ingot, e.g, 
0.25 to about 1.5 inch in diameter and 5 to about 30 
inches in length, may be formed into a hollow tube by 
extruding or by machining a longitudinal center hole 
therethrough and grinding the outer surface thereof 
smooth. Before drawing the solid rod or tubular mem- 
ber, it is preferably annealed at a temperature of about 
500° to about 750° C. typically about 650° C, for about 
30 minutes in a protective atmosphere such as argon to 
relieve essentially all internal stresses. In this manner all 
of the specimens start the subsequent thermomechani- 
cat processing in essentially the same metallurgical 
condition so that products with consistent final proper- 
ties are obtained. Such treatment also provides the req- 
uisite ductility for effective cold working. 

The stressed relieved stock is cold worked by draw- 
ing to effect a reduction in the cross sectional area 
thereof of about 30 to about 70%. The metal is drawn 
through one or more dies of appropriate inner diameter 
with a reduction per pass of about 10 to 50%. 

Following cold work, the drawn wire or hollow tubu- 
lar product is heat treated at a tenperature between 
about 350° and about 600° C for about 0.5 to about 60 
minutes while simultaneously subjecting the wire or 
tube to a longitudinal stress between about 5% and 
about 50%, preferably about 10% to about 30% of the 
tensile strength of the material (as measured at room 
temperature) in order to impart a straight '^memory" to 
the metal and to ensure that any residual stresses 
therein are uniform. This memory imparting heat treat- 
ment also fixes the austenite-martensite transformation 
temperature for the cold worked metal. By developing a 
straight "memory" and maintaining uniform residual 
stresses in the superelastic rrraterial. there is little or no 
tendency for a gukiewire made of this material to whip 
when it is torqued within a patient's blood vessel. 

An alternate method for imparting a straight mem- 
ory to the cold worked material includes mechanically 
straightening the wire or tube and then subjecting the 
straightened wire to a memory imparting heat treatment 
at a temperature of about 300 to about 450 degrees C. 
preferably about 330 degrees to about 400 degrees C. 



The latter treatment provides substantially improved 
tensile properties, but it is not very effective on materials 
which have been cold worked above 55%, particularly 
above 60%. Materials produced in this manner exhibit 

5 stress-Induced austenite to martensite phase transfor- 
mation at very high levels of stress but the stress during 
the phase transformation is not nearly as constant as 
the previously discussed method. Conventional 
mechanical straightening means can be used such as 

ra subjecting the material to sufficient longitudinal stress to 
straighten it. 

Fig. 4 illustrates an idealized stress-strain relation- 
ship of an alloy specimen having superelastic properties 
as would be exhibited upon tensile testing of the sped- 
15 men. The line from point A to point B thereon represents 
the elastic deformation of the specimen. After point B 
the strain or deformation is no longer proportional to the 
applied stress and it is in the region between point B 
and point C that the stress-induced transformation of 
20 the austenite phase to the martensrte phase begins to 
occur. There can be an intermediate phase developed, 
sometimes called the rhombohedrai phase, depending 
upon the composition of the alloy. At point C the material 
enters a region of relatively constant stress with signifi- 
es cant deformation or strain. It is in this region that the 
transformation from austenite to martensite occurs. At 
point D the transformation to the martensite phase due 
to the application of tensile stress to the specimen is 
substantially complete. Beyond point D the martensite 
30 phase begins to deform, elastically at first, but, beyond 
point E. the deformation is plastic or permanent. 

When the stress applied to the superelastic metal is 
removed, the metal will recover to its original shape, 
provided that there was no permanent deformation to 
35 the martensite phase. At point F in the recovery proc- 
ess, the metal begins to transform from the stress- 
induced, unstable martensite phase back to the more 
stable austenite phase. In the regbn from point G to 
point H, which is also an essentially constant stress 
40 region, the phase transformation from martensite back 
to austenite is essentially complete. The line from point 
I to the starting point A represents the elastic recovery 
of the metal to its original shape. 

45 EXAMPLE 

An elongated rod about 0.025 inch in diameter hav- 
ing a composition of 48.5% Ti and 51 .5% Ni was drawn 
at about 1 foot per minute to a final diameter of 0.016 

50 inch, a reduction of about 60%. The cold drawn wire 
was heat treated at 475° C for about 2 minutes in argon 
while being subjected to tension equal to about 25% of 
the room temperature yield strength and then cooled. 
Specimens thereof were tensile tested on a Series IX 

55 Instron tensile testing machine at room temperature. 
The constant stress region under load (Line C to D on 
Fig. 4), where the austenite is transformed to marten- 
site. was at a level of about 107 ksi and the constant 
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stress region without load (Line G to H on Fig. 4), where 
the unstable martensite transfbrms back to austenite. 
was at a level of about 53 ksi. The strain at the start of ^ 
the constant stress region under load (Point 6 oh Fig 'if 
was about 2.5% and the strain at the end of the constant 5 
stress region under load (Point D) was about 7%. The 
load on the specimen was removed at a strain of 8% 
(Point E on Fig. 4) and the specimen returned to its orig- 
inal shape and size (Point A on Fig. 4) with little or no 
residual strain along the curve from point E to Point A 10 
shown in Fig 4. 

A key feature of the present invention is the capabil- 
ity of maintaining the level of the yield stress which 
effects the stress induced austenlte-to-martensite trans- 
formation as high as possible, e.g. above 70 ksi. prefer- is 
ably above 90 ksi, with an extensive region of 
recoverable strain, e.g. a strain range of at least 4%, 
preferably at least 5%, which occurs during the phase 
transformatioa 

Because of the extended strain range urKler stress- so 
induced phjase transformation which is characteristic of 
the superelastic material described herein, a guidewire . 
made at least in part of such material can be readily 
advanced through tortuous arterial passageways. 
When the guidewire or guiding member of the invention 2S 
engages the wall of a body lumen such as a blood ves- 
sel, it will deform and in doing so will transform the 
austenite of the superelastic portion to martensite. 
Upon the disengagement of the guidewire or guiding 
member, the stress is reduced or eliminated from within 30 
the superelastic portion of the guidewire or guiding 
member and it recovers to its original shape, i.e. the 
shape "remembered" which is preferably straight. The 
straight "memory" in conjunction with little or no nonuni- 
form residual stresses within the guidewire or guiding 35 
member prevent whipping of the guidewire when it is 
torqued from the proximal end thereof. Moreover, due to 
the very high level of stress needed to transform the 
austenite phase to the martensite phase, there is little 
chance tor permanent deformation of the guidewire or 40 
the guiding member when it is advanced through a 
patient's artery. 

The present invention provides guiding members 
for guidewires and fixed wire catheters which have 
superelastic characteristics to facilitate the advancing 45 
thereof in a body lumen. The guiding members exhibit 
extensive, recoverable strain resulting from stress 
induced phase transformation of austenite to martensite 
at exceptionally high stress levels which greatly mini- 
mizes the risk of damage to arteries during the so 
advancement therein. 

The superelastic tubular members of the present 
invention are particularly attractive for use in a wide vari- 
ety of intravascular catheters, such as fixed-wire cathe- 
ters wherein the Nitinol hypotubing having superelastic ss 
properties may be employed to direct inflation fluid to 
the interior of the dilatation balloon. In this case a guid- 
ing member may be secured to the distal end of the 



superelastic Nitinol tubing and extend through the inte- 
rior of the inflatable balloon and out the distal end 
thereof. The guiding member may also be made of the 
superelastic Nitinol of the invention. 

Superelastic hypotubing generally has been found 
to have a slightiy lower stress level compared to wire 
when the austenite is transformed to martensite. How- 
ever, this stress level is above 40 ksi and is usually 
above 70 ksi. 

The Nitinol hypotubing of the invention generally 
may have an outer diameter from about 0.05 inch down 
to about 0.006 inch with wall thicknesses of about 0.001 
to about 0.004 inch. A presently preferred superelastic 
hypotubing has an outer diameter of about 0.012 inch 
Emd a wall thickness of akx)ut 0.002 inch. 

While the above description of the invention is 
directed to presentiy preferred embodiments, various 
modifications and improvements can be made to the 
invention without departing therefrom. 

Claims 

1. A method of forming a superelastic elongated 
member having a straight memory comprising: 

providing an elongated member formed of an 
alloy consisting essentially of 40 to 49% tita- 
nium and the balance nickel and up to about 
10% of an element selected from the group 
consisting of iron, cobalt, chromium and vana- 
dium; and cold working the elongated member 
to effect a size reduction of 30 to 70%. the 
method characterized by 

subjecting the cold worked elongated member 
to thermomechanical memory imparting treat- 
ment to develop a straight memory comprising: 

mechanically straightening the cold 
worked elongated member and then heat 
treating the straightened elongated mem- 
ber at a temperature between 300'' and 
400°. 

2. The method of claim 1 which includes the step of 
heat treating the elongated member to relieve inter- 
nal stress prior to the cold working thereof. 

3. The method of claim 1 wherein the cold-worked 
elongated member is heat treated for 0.5 to 60 min- 
utes. 
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(54) Superelastic guiding member 

(57) A method of forming a superelastic elongated 
member having a straight memory comprising: provid- 
ing an elongated member formed of an alloy consisting 
of 40 to 49% titanium and the balance nickel and up to 
about 10% of an element selected from the group con- 
sisting of iron, cobalt, chromium and vanadium; and 
cold working the elongated member to effect a size 
reduction of 30 to 70%, the method characterized by 



subjecting the cold worked elongated member to ther- 
momechanical memory imparting treatment to develop 
a straight memory comprising: mechanically straighten- 
ing the cold worked elongated member and then heat 
treating the straightened elongated member at a tem- 
perature between 300"* and 400**. 
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